Abstract: This paper will analyze the Gust Load Alleviation (GLA) 
INTRODUCTION
Two classical analytical representations for the power spectral density (PSD) functions of atmospheric turbulence were given by Von Kármán and Dryden, [1] , [2] . As the Dryden PSD function has a simpler form than Von Kármán's, then the former will be chosen to be used, [7] [8] [9] , [12] ; it can be written as (1): 
For thunderstorms, at any height:
Power spectral density functions for vertical (3) , lateral (4) , and longitudinal (5) dynamics [7] [8] [9] are given as: 
GUST MODEL
Gust signals have to be generated with the required intensity, scale lengths and power spectral density -PSD functions for some given flight velocity and height. In order to generate these gust signals, a noise source with power spectral density -PSD function Φ ( ) = 1 in the frequency band of interest is used to provide the input signal to a linear filter G ( ) -is chosen such that the squared magnitude of its frequency response is the power spectral density -PSD function Φ ( ), [3] [4] [5] [6] , [7] [8] [9] . The Dryden Wind Turbulence Model (Continuous) block uses the Dryden spectral representation to add turbulence to the aerospace model by passing band-limited white noise through appropriate forming filters. This block implements the mathematical representation in the Military Specification MIL-F-8785 C, [7] and Military Handbook MIL-HDBK-1797, [8] . According to the military references [7] [8] , turbulence is a stochastic process defined by velocity spectra. For an aircraft flying at a speed 0 through a frozen turbulence field with a spatial frequency of Ω radians per meter, the circular frequency is calculated by multiplying 0 by Ω, [3] [4] [5] . The gust generator setup is shown in Fig. 1 ; the significance of the notations in Fig. 1 is:  ( ) ≈ (0,1) is a Gaussian white noise process of unit intensity and zero mean,  1 ( ) is the random continuous vertical gust, so that, 1 = , [10] . The power spectral density -PSD of the output signal (6) is related to the PSD of the input signal as follows:
To generate a signal with the correct characteristics, a unit variance, band-limited white noise signal is passed through forming filters. The forming filters are derived from the spectral square roots of the spectrum equations. [11] [12] [13] An expression for the Dryden filter can be found through spectral factorization of Φ ( ), which yields relations (7), (8) and (9), [7] [8] [9] :
The Low Altitude Model, [7] [8] [9] is defined for an altitude less than or equal to 1000 feet. Three values are defined in this region: turbulence scale length (10), (11) , turbulence intensity (12), (13) , and turbulence axes orientation. Therefore, the Low-Altitude Model, which is defined for altitude ℎ < 1000 [ ] , gives the turbulence scale lengths at low altitudes, with the altitude ℎ [ ], as expressed in [1] , [7] [8] [9] 
The turbulence intensities (12) and (13) are given above, where W20 represents the wind speed (14) at 20 [ft] , that is 6 [m]. Typically for light turbulence, the wind speed at 20 feet is 15 knots; for moderate turbulence, the wind speed is 30 knots; and for severe turbulence, the wind speed is 45 knots. The turbulence axis orientation is defined in case of the low altitude region, as: 1-/ Longitudinal turbulence velocity, along the horizontal relative mean wind vector, and 2-/ Vertical turbulence velocity, aligned with the vertical, [1] , [7] [8] [9] .
The Medium / High Altitude Model, [7] [8] is defined for altitude greater than or equal to 2000 feet. Three values are defined in this region: turbulence scale length, turbulence intensity (16), and turbulence axes orientation.
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Therefore, the Medium/ High Altitudes Model, for ℎ > 2000 [ ] , is defined by turbulence scales (15) and turbulence intensity (16):
For medium to high altitudes the turbulence scale lengths and intensities are based on the assumption that the turbulence is isotropic, [1] , [7] [8] [9] . The turbulence intensities are determined from a lookup table that provides the turbulence intensity as a function of altitude and the probability of the turbulence intensity being exceeded, [1] , [7] [8] [9] .
The relationship of the turbulence intensities is represented by equation (16) The Discrete Wind Gust Model block implements a wind gust of the standard "1-cosine" shape, [8] . This block implements the mathematical representation in the Military Specification MIL-F-8785 C, [8] . The gust is applied to each axis individually, or simultaneously to all three axes. As input data, there must be specified: 1/ the gust amplitude (the increase in wind speed generated by the gust), 2/ the gust length (length, in meters, over which the gust builds up) and 3/ the gust start time. The discrete gust can be used solely or in multiples to assess airplane response to large wind disturbances. The mathematical representation of the discrete gust (17), [1] , [10] [11] [12] is:
where:  is the gust amplitude,  is the gust length,  is the distance traveled,  represents the resultant wind velocity in the body axis frame, [1] . The spectral density definitions of turbulence angular rates are defined in the specifications as three variations, [1] which are displayed in equations (18), (19) and (20):
The variations affect only the vertical ( ) and lateral ( ) turbulence angular rates, [1] . The longitudinal turbulence angular rate spectrum Φ ( ) is a rational function. The rational function is derived from curve-fitting a complex algebraic function, not the vertical turbulence velocity spectrum, Φ ( ), that is multiplied by a scale factor. Because the turbulence angular rate spectra contribute less to the aircraft gust response than the turbulence velocity spectra, it may explain the variations in their definitions, [1] .
The variations lead to the following combinations of vertical Φ ( ) and lateral Φ ( ) turbulence angular rate spectra:
To generate a signal with the correct characteristics, a unit variance, band-limited white noise signal is passed through forming filters. The forming filters are derived from the spectral square roots of the spectrum equations, [1] .
At altitudes between 1000 feet and 2000 feet, the turbulence velocities and turbulence angular rates are determined by linearly interpolating between the value from the low altitude model at 1000 feet transformed from mean horizontal wind coordinates to body coordinates and the value from the high altitude model at 2000 feet in body coordinates, [7] [8] [9] . The measured wind speed at a height of 6 meters (20 feet) provides the intensity for the low-altitude turbulence model. The measured wind direction at a height of 6 meters (20 feet) results in an angle to aid the transforming of the low-altitude turbulence model into body coordinates. Above 2000 feet, the turbulence intensity is determined from a lookup table that gives the turbulence intensity as a function of altitude and the probability of the turbulence intensity's being exceeded. The turbulence scale length above 2000 feet is assumed constant, and from the military references, a figure of 1750 feet is recommended for the longitudinal turbulence scale length of the Dryden spectra, [7] [8] [9] .
The frozen turbulence field assumption is valid for the cases of mean-wind velocity and the root-mean-square turbulence velocity, or intensity, is small relative to the aircraft's ground speed, [1] . The turbulence model [15] 
FLEXIBLE AIRCRAFT MODEL
The longitudinal dynamics of the flexible aircraft in terms of the state variable representation (24), [4] [5] [6] , [9] , [15] is expressed by the following equations:
 is the state vector,  is the control vector,  represents the vertical acceleration,  is the vertical gust velocity, [11] , [13] . The form (25) of the A matrix in state-space equation (24) shows the couplings between the aircraft's flexible structure and rigid-body dynamics:
where:  -are the rigid-body terms,  -the rigid/aero elastic terms,  -the aero elastic/rigid terms, and  -the structural flexibility terms. [14] , [15] . Input terms associated with the effects of wind gust acting at different stations are also included in equation (24).
They appear as different gust signals , = 1, acting in the longitudinal dynamic equations. Thus, the gust vector is defined as (26):
Introducing the influence of the gust, expressed by equations (27), (28) 
The turbulence is characterized by the turbulence scale (15) and turbulence intensity (16).
Gust response analysis [13] requires a huge amount of calculations, since often a single aircraft has to be certified through aviation regulations.
Different types of gusts, ranging from discrete to stochastic, have to be tested on an airplane and for each case the designer must prove that either with or without a proper control system, the airplane is capable of standing critical design gust loads, and grants ride comfort together with equipment functionality. The development of a gust alleviation control system, anyway, requires a good knowledge of both the dynamics of the same aircraft to be controlled, and of the possible interactions of airplane flexible modes with flight mechanics.
This last aspect is nowadays increasing its importance. The run for increasing endurance range on jet liners lead to the choice of new productive technologies which allowed to use new materials to provide new shapes to airplanes, consequently changing the typical approach to structural stiffness.
The increasing importance of sensor crafts, using very original geometric configurations, slender wings and composite materials, compelled aero elasticity to start looking at methodologies capable of including flight mechanics within aero elastic modeling, in order to have a unified approach to aero elastic issues, [14] , [15] .
Traditionally, when dealing with conventional aircraft configuration, due to the frequency separation between rigid and vibration mode, specific flight controllers for flight mechanics and vibration control are designed to work in a well separated frequency band.
NUMERICAL SIMULATION AND CONCLUSIONS
Turbulence is a stochastic process defined by velocity spectra. The turbulence field is assumed to be visualized as frozen in time and space (i.e.: time variations are statistically equivalent to distance variations in traversing the turbulence field). This assumption implies the turbulence-induced responses of the aircraft result only from the motion of the aircraft relative to the turbulent field. Either the Dryden spectral representation or the Von Kármán spectral representation can be used to generate turbulence by filtering band-limited white noise with an appropriate forming filter derived from the spectral representation. To generate a turbulence signal with the correct characteristics, a unit variance, band-limited white noise signal is passed through or used in the appropriate filters. These filters are ultimately derived from the turbulence spectra. For the Dryden Wind Turbulence Model (Continuous) block, the specifications result in the same transfer function after evaluating the turbulence scale lengths, and the turbulence transfer functions balance each other out. To use the continuous Von Kármán filter properly, the unit variance, bandlimited white noise signal is passed through the Von Kármán forming filters. Deriving forming filters requires that the spectral square roots be obtainable from the spectrum equations. Since the Von Kármán spectra are not spectrally factorable, the Von Kármán spectra must be curve-fitted to a satisfactory degree of approximation with a factorable spectral form for which transfer functions may be obtained. The Von Kármán forming filters are then derived from the spectral square roots of the approximated spectrum equations. To use the continuous Dryden filter properly, the unit variance, band-limited white noise signal is passed through the Dryden forming filters. Deriving forming filters requires that the spectral square roots be obtainable from the spectrum equations. Since the Dryden spectra are spectrally factorable, the Dryden forming filters are then derived from the spectral square roots of the Dryden spectrum equations. To use the discrete Dryden filter properly, the unit variance, band-limited white noise signal is used in the digital filter finite difference equations. To derive the discrete Dryden finite difference equations, the Euler integration method is applied to the continuous Dryden forming filters. The turbulence model is divided into two distinct regions, low altitude and medium / high altitude, affecting the turbulence scale lengths and intensities used to generate wind velocities and angular rates. Additionally, the turbulence axes orientation also differs in these regions. The turbulence intensities are defined in a diagram that provides the turbulence intensity as a function of altitude and the probability of the turbulence intensity being exceeded.
The unified wind turbulence block calculates both low altitude turbulence and medium / high altitude turbulence. If the altitude is above the low altitude region then the turbulence is calculated at 1000 ft or if the altitude is below the medium / high altitude region then the turbulence is calculated at 2000 ft. If the altitude lies in neither the low nor the medium / high altitude region, the interpolation method is implemented. The interpolation method takes turbulence values and linearly interpolates between the value from the low altitude model at 1000 feet transformed body axes and the value from the high altitude model at 2000 feet in body axes. Development of a gust alleviation control system requires a good knowledge either of the dynamics of the same aircraft to be controlled, and the possible interactions of airplane flexible modes with flight mechanics.
For the Dryden Wind Turbulence Model (Continuous) block, the specifications result in the same transfer function after evaluating the turbulence scale lengths, and the turbulence transfer functions balance each other out.
